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(54) Ion source and accelerator for improved dynamic range and mass selection in a time of flight 
mass spectrometer 



(57) In a mass spectrometer, an ion source in com- 
bination with an accelerator comprising an electron 
source, a gate electrode constructed so as to block the 
flow of electrons from the source when a potential is 
applied, a sample introduction means for transporting 
carrier gas containing analytes, an ionization chamber 
positioned to receive the flow of electrons and the car- 
rier gas, wherein the flow of electrons ionizes the carrier 
gas, a pulsed accelerator, and an ion transfer region sit- 
uated so that the ionized carrier gas travels from the ion- 
ization chamber through the ion transfer region and into 
an accelerator The gate electrode and the pulsed 
accelerator are controlled in a timed relationship to con- 
trol the amount of carrier gas being ionized and traveling 
into the accelerator between accelerator pulses so as to 
improve the dynamic range of the mass spectrometer 
and to selectively accelerate a particular mass range. 
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EP 0 905 743 A1 

Description 

FIELD OF THE INVENTION 

5 [0001] This invention generally relates to a combination of a pulsed electron ionization source and a pulsed acceler 
ator in a tme-of -flight mass spectrometer, where the number of ions entering the accelerator is controlled so as to 
increase the dynamic range of the mass spectrometer, and the timing between the production of ions and the acceler 
ation pulse of the accelerator is controlled to achieve mass selectivity. 

io BACKGROUND OF THE INVENTION 

[0002] Time-of-f light mass spectrometers are known for their high transmission, good mass resolution, and fast anal- 
ysis time. They are therefore potentially advantageous in situations that require fast mass spectral acquisitions, such as 
in fast gas chromatography/mass spectrometry (GC/MS) analyses, compared to conventional mass spectrometers 

is such as quadrapole mass filters and ion trap mass spectrometers 

[0003] In order to perform mass analysis of gas molecules, e.g., the effluent from a GC, the gas molecules must first 
be ionized, which is the function of an ion source. An efficient ion source will convert as many sample molecules into 
ions as possible and produce an optimal beam for the type of analyzer being used. The most common type of ion 
source for GC/MS instruments is an 'electron ionization source'. In this type of source, the gaseous sample stream is 

20 introduced into a chamber, which is itself contained in the evacuated housing of the mass spectrometer. Electrons are 
typically produced by thermal emission from a hot filament located outside the chamber. The electrons are accelerated 
through an electric field to a particular and relatively homogeneous energy, as defined by the potential difference 
between the filament and the ion source chamber. This is typically 70 eV, but can vary from about 10 eV to upwards of 
150 eV. The electrons are directed into and through the chamber When an electron collides with a sample gas mole- 

25 cule in the chamber, one possible (desirable) result is that the gas molecule loses an electron and therefore becomes 
a positively charged ion. Once the sample molecule acquires a charge, it can respond to electrostatic fields that accel- 
erate it out of the ion source and guide it into the entrance of the mass spectrometer 

[0004] In the case of a time-of-flight mass spectrometer, the entrance region consists of a pulsed acceleration region, 
in which an electrostatic field can be turned on and off with fast transitions. While this electrostatic field is kept off, ions 

30 from the ion source are allowed to enter this acceleration region. When the electrostatic field is turned on, the effect of 
the field causes the ions to be accelerated into a field-free flight tube of the mass spectrometer, where they travel until 
they reach a detector or mass analyzer. Sometimes an electrostatic mirror is deployed after some distance along the 
flight tube, in which the ions reverse direction, and continue through a second segment of field-free flight tube before 
reaching the detector or mass analyzer. Because the ions are accelerated to the same nominal energy, their flight veloc- 

35 ity will be proportional to the square root of their mass. Over the fixed (effective) length of the flight tube, then, the meas- 
ured spectrum of charge intensity vs. arrival time represents the mass spectrum of ions initially contained in the 
acceleration region. This mass spectrum is obviously related to the relative concentrations of ions in the ion source, 
which, in turn, reflects the chemical constituents in the gaseous effluent from the gas chromatograph (or other source 
of gas to be mass analyzed). 

40 [0005] It is most advantageous that the ions enter the time-of-flight acceleration region traveling in a direction that is 
orthogonal to the time-of-flight flight tube axis. Ions in the acceleration region will be accelerated in a direction parallel 
to the flight tube axis and perpendicular to the ions' initial direction of travel. Since the time-of-flight acceleration region 
is of a limited dimension along the ions' initial direction of travel, only ions within the boundaries of this region will enter 
the flight tube and be analyzed. After this analysis cycle has completed, the field in the acceleration region is turned off, 

45 and the beam of ions from the source is then allowed to enter the acceleration region. Then, again, at a pre-determihod 
time, the field is pulsed on and the analysis cycle repeats. The spectrum from each individual cycle could be preserved 
separately, but, typically, several hundreds of such mass spectra are acquired and integrated to increase the sig- 
nal/noise characteristics. 

[0006] Now, GC/MS applications frequently require that ion intensities be measured over a signal dynamic range of 
so up to six or seven orders of magnitude. This results from the fact that signal intensities from the different ion masses 
present at any one time can typically extend over several orders of magnitude from one mass ion to another, and, in 
addition, ion intensities will vary over time as the chromatographic effluent gas concentration varies in the ion source by 
several orders of magnitude. While the detectors and acquisition electronics of conventional quadrapole mass filters are 
capable of realizing such dynamic range performance, the specialized detectors and acquisition electronics necessary 
55 for time-of-flight mass spectrometry are currently not able to achieve this amount of dynamic range with any one fixed 
setting of the gain in the detection system. That is, when the overall gain in the time-of-flight detection system is 
adjusted so that the smallest signal levels of interest (i.e., a single ion of any mass) are measurable, then the highest 
signals, which also need to be accommodated, will saturate the detection system, and hence will not be measurable 
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under these gain conditions. Similarly, if the gain in the detection/acquisition system is adjusted so that the largest sig- 
nals of interest are accommodated, then signals of interest in the lower intensity ranges will not be detectable. 
[0007] Obviously, one approach to accommodate all signal levels of interest with time-of-flight mass* spectrometers is 
to adjust the gain of the time-of-flight detector between spectral acquisitions by adjusting its voltage. In this way, a com- 
5 posite spectrum could be constructed by combining the individual spectra acquired with different gain settings. There 
are at least two difficulties with this approach: 1) the gain vs. detector voltage relationship would have to be well known 
and stable in order for the measurement to be quantitative, and this would be difficult on a routine basis because of the 
non-linear, and variable, relationship between the gain of a detector and the applied detector voltage; and, 2) in order 
to be compatible with fast' spectral acquisitions, the voltage changes would have to occur at the ~2 kV level with rela- 
te tively sharp transition and settling times, which would involve significant additional complexity and expense. 

[0008] Another approach to accommodate a wider range of signal levels would be to vary the ion source electron 
beam current. That is, when intense signals are present, the electron beam current could be reduced, and the proba- 
bility that a gas molecule is ionized is correspondingly reduced. Similarly, when the mass peaks of interest are weak, 
the electron beam current could be increased to effectively increase the ionization probability, or efficiency. 
is [0009] There are at least two difficulties with this approach: 1) for the measurements to be interpreted with an accept- 
able degree of quantification requires accurate and precise control over the electron beam current Such control would 
be achieved by measuring the electron beam current, and using this measurement in a 'feedback' loop, to regulate the 
emission from the electron source filament, either by adjusting the filament current, or by adjusting the voltage on a con- 
trol grid electrode near the filament, in a well known fashion. The problem here is that the response time of such feed- 
20 back schemes is much slower, typically of the order of tenths of a second or longer, depending on the electron current 
being measured, than would be required to be compatible with 'fast* chromatographic time resolutions, which would 
commonly be of the order of tens of milliseconds or less. 2) Another problem arises from the fact that the electron beam, 
which consists of negative charges, distorts electrostatic fields along and around its path. In the ion source chamber, 
gas molecules are ionized by collisions with the electron beam and the ions are directed out of the chamber by a weak 
25 electrostatic field. This initial extraction field is weak causing a small energy divergence in the ion beam, and in turn, the 
electron beam introduces a small but significant distortion of this weak electrostatic field. The resulting ion beam is sub- 
sequently controlled by electrostatic focusing optics. Optimization of these optics depends sensitively on the energy 
and angular emission characteristics of the ion beam as it leaves the source chamber, which, in turn, depends on the 
detailed spatial dependence of the electrostatic field in the chamber. Provided that the electron beam current is con- 
so stant, the distortion of the field will be constant, and the down-stream focusing optics can be adjusted to take the effect 
of this distortion on ion trajectories into account. However, if the electron beam current is adjusted as described above 
to accommodate a wider range of signal intensities, the result would be a variable distortion of the electrostatic field in 
the ion source, which would degrade the quality of the focusing of the ion beam. 

[0010] An additional problem sometimes occurs in GC/MS and other similar instruments that the most intense mass 
35 peaks in the mass spectrum originate from chemical species in the sample gas that are of no interest in the analysis, 
such as from the GC carrier gas, solvent species, or other unimportant constituents. Often, such intense mass peaks 
can interfere with the quality of the analysis, for example, due to possible detector saturation and recovery problems, 
amplifier overload, space charge effects in the mass analyzer, etc. Such intense mass peaks are eliminated in the cur- 
rent art by introducing an electrostatic gate in the flight tube of the time-of-flight mass analyzer. Such gates are activated 
to to prevent unwanted ions from reaching the detector. They usually involve an array of fine wires in the flight path, and, 
as such, have the disadvantages of: - 1) reducing the transmission of the analyzer; 2) introducing surfaces in the flight 
path which eventually become contaminated with a thin insulating layer, and so may exhibit charging and degrade per- 
formance, arid, 3) additional mechanical and electronic complexity aiKi expense. 

45 SUMMARY OF THE INVENTION 

[0011] According to the invention there is disclosed an ion source having a controllable electron beam used in com- 
bination with the pulsed accelerator of a time-of-flight mass analyzer. The ion source is constructed so that the electron 
beam bombarding the sample may be pulsed, that is, the electron beam may be gated on with a fast transition time, to 

so a constant, regulated beam current, for a predetermined amount of time, and then gated off wltrva similarly fast transi- 
tion time. The result is that the ion source produces a pulsed ion beam composed of discrete ion packets The electron 
beam is pulsed in a timed relationship with the acceleration pulses of the time-of-flight accelerator. 
[0012] It is an object of the invention to improve the dynamic range of a time-of-flight mass spectrometer by utilizing 
the pulsed electron beam to control the duration of the ion packets entering the time-of-flight accelerator between accel- 

55 eration pulses. When ion intensities are greater than the dynamic range capabilities of the time-of-flight detection sys- 
tem, the duration of the ion packets, and hence the number of ions contained in each packet, is reduced by a well- 
defined factor. Likewise, for very low signal levels, the duration of the ion packets, and the number of ions in each 
packet, are increased by a well-defined factor 
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[0013] It is a further object of the invention to precisely select the mass range being extracted by the time-of-flight 
accelerator by controlling the timing between the electron beam modulation pulses and the time-of-flight acceleration 
pulses. Knowing the distance the ions will travel before being accelerated into the time-of-flight mass analyzer, and the 
velocity of the various mass ions in the ion beam from the ion source to the time-of -flight acceleration region, allows a 
5 particular mass range to be selectively accelerated toward the detector. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0014] 

Figure 1 is a block diagram of the ionizer. 

Figure 2 is a block diagram of a mass spectrometer incorporating the ionizer, an ion transfer region, an orthogonal 
accelerator and a detector or mass analyzer. 

Figure 3 is a block diagram of another embodiment, depicting a mass spectrometer incorporating the ionizer, an ion 
transfer region, a linear accelerator and a detector or mass analyzer. 

DETAILED DESCRIPTION OF THE INVENTION 

20 

[0015] Figure 1 schematically illustrates the electron ionization source. Electrons are emitted from a hot filament 10, 
and accelerated toward and through an ionization chamber 20. The energy of the electrons is determined by voltage 
supply 30, which develops a potential difference between the filament and the ionization chamber. The electron beam 
is intercepted by an anode 40. The anode 40 provides the measured electron current to be used as a feedback signal 

25 to a regulated filament current supply 50. resulting in a stable electron beam at a selected beam current. A gaseous 
sample is introduced into the ionization chamber through a sample introduction means 60. Ions created in the ionization 
chamber are accelerated out through the ionization chamber exit port 70 due to the electrostatic field developed by the 
combined action of the potentials on a pusher plate 80, the ionization chamber 20, the ion source extraction electrode 
90, and other possible focusing electrodes 1 00 in the vicinity of the exit port 70. 

30 [001 6] An additional electrode 1 1 0 is located between the filament and the ionization chamber. This control' electrode 
is positioned to be capable of blocking the electrons from entering the ionization chamber, and is constructed so that 
electrons may be blocked, or unblocked, within a very short response time, using only a few volts of bias on the elec- 
trode. The electrode is constructed of one or a combination of various configurations which may accomplish such fast 
electrostatic electron beam gating such as: 1) a simple wire mesh grid, with its plane normal to the electron beam axis, 

35 which has a retarding potential applied that blocks the electron beam; 2) a so-called Bradbury-Nielsen gate, consisting 
of two interlaced arrays of fine wires, where opposite potentials are applied to each array so as to deflect electrons 
traveling between any two grid wires, preventing electrons from entering the ionization chamber; 3) various forms of 
coaxial electrostatic deflectors which act to deflect the entire electron beam from the entrance of the ionization cham- 
ber; or, 4) a so-called Wehnelt electrode, commonly used to surround the filament of electron guns except for a small 

40 hole near the filament through which the electron beam emerges, and which is known to be capable of switching the 
electron beam 'on' and 'off with fast transition times using only several volts difference between the electron beam on' 
state and the 'off* state. 

[0017] The control electrode 1 10 is connected to the output of a signal generator 120, which applies, or removes, the 
blocking bias voltage in response to a signal on the signal generator 'trigger' input 140. The amplitude of the blocking 
45 bias voltage applied to the electrode is selected so that, when applied, electrons are completely blocked, and wr.an 
removed, electrons flow freely, and ionization of sample gas molecules occurs. 

[0018] The advantage of blocking the electron beam to indirectly control the output of the ion source as opposed to 
blocking the output of the ion source directly, is that much smaller transition times result if the electron beam is blocked, 
compared to blocking the ion beam, all other factors being equal This is due to the fact that ions are at least 10,000 
so times more massive than electrons, and therefore electrons travel at least 100 times faster than k)ns at comparable 
energies. Consequently transition times in the stopping and starting of electron beams are at least 100 times faster 
than for ion beams. 

[0019] For example, an electron with a typical energy of 70 eV has a velocity of about 5 mm/nS. If a potential barrier 
gradient with a height of 70 V is suddenly introduced over a length of 1 mm in the path of a beam of such electrons, all 
55 electrons that are within this 1 mm at the time the potential gradient is introduced have enough energy to surmount the 
barrier and continue on, albert at reduced energy. As a result, the transition time for turning the beam on (or off) is on 
the order of the time required for electrons to travel through the 'gate' region of 1 mm, or about 0.2 nS This is substan- 
tially shorter than the time generally required by the actual signal generator electronics to generate the potential gradi- 
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ent, which becomes the limiting factor governing the pulse transition time. In contrast, it the same approach were taken 
to directly interrupt an ion beam, the situation would be much different. For example, an ion of mass 100 amu with an 
energy of 70 eV has a velocity of about 0.012 mm/nS. Therefore this ion would require about 85 nS4o traverse the 1 
mm of the potential ' gate region', and the transition times of an ion pulse produced this way would be of this same order 

5 of magnitude, clearly much longer than for the electron pulse. 

[0020] The transition times achieved in turning the ionization process on and off are important in the context of apply- 
ing this capability to improve the dynamic range of the signal intensity measurements. The reason for this is that the 
transition times determine the shortest duration ion pulse packets that are produced while maintaining predictable scal- 
ing between the ion packet pulse duration and the number of ions in the packet; this shortest ion packet duration real- 

w ized correspondingly determines the maximum amount by which the signal intensities in each time-of-flight 
measurement cycle are attenuated with a quantitatively predictable scale factor. Electron beam gating means are uti- 
lized that produce gating transition times on the order of a few nanoseconds or less. Consequently, the minimum, quan- 
titatively useful ion beam pulse packet durations that are achieved are of the order of 50-100 nS, or less. 
[0021] The maximum duration of such ion beam packets that can be produced by the pulsed ion source described 

is above is essentially unlimited. However, the maximum useful duration, in the context of this invention, is limited by the 
ability of the pulsed acceleration region to accommodate the physical length of the ion packets so produced. Figure 2 
shows a block diagram of the invention as used in a mass spectrometer 1 50 having a pulsed ionizer 1 60, an ion transfer 
region 170, an accelerator region 180, a flight tube 185 and a detector or mass analyzer 190. The ionizer and acceler- 
ator are controlled by a control means 200 consisting of a plurality of synchronized signal generators 120 and 122. The 

20 entire mass spectrometer is controlled by program means 210 residing on a digital computer 220. The ion packets are 
produced by the ionizer 160, travel through the ion transfer region 170, through the accelerator 180 and are selectively 
directed through the flight tube 185 toward the detector or mass analyzer 190. The ion transfer region may contain elec- 
trostatic optical devices for focusing, shaping, and/or steering the ion beam in a well-known manner in order to optimize 
the acceptance of the ion beam by the mass spectrometer. The physical length of an ion packet, once "it reaches the 

25 initially field-free pulsed acceleration region of a time-of-flight mass analyzer, is given by 

'ion = T ft| xV ion , (1) 

where l ion is the physical length of an ion packet of ions of mass M, T 0 , is the duration of the electron ionization pulse, 
30 and V jon is the velocity of the ion of mass M. depends on the energy of the ions, E ion , and their mass, M, according 
to 

V |on = 1. 39x10 S(E |or /M) 1/2 , (2) 

35 where E lcn is given in eV, M is given in amu and is in units of cm/s Substituting this expression in Eq (1) gives 

l ton = 1.39x1oST e( x(E lon /M) 1 ' 2 (3) 

As Eq (3) indicates, the length of an ion packet is proportional to the ionization pulse duration, the energy of the ion 
40 beam, and the mass of the ion. For a given ion beam energy, E jon ,and ka a particular mass, M, the maximum duration, 
\\ max (MrEjon) , that can be accommodated by the time-of-flight acceleration region of a length La CC is given by 

T oi max ( M - E Ion) + 0-acc ' 1*39x10 6 ) x (M / E Jon ) 1 * (4) 

45 For typical values of L acc - 4 cm, an ion energy E jon = 1 0 eV, and for mass M = 100 amu, the maximum ionizat^i pulse 
duration that is useful in terms of improving the dynamic range is T s) ma x(M,E jon ) =9.1 uS. In this case, the dynamic 
range is improved by approximately two orders of magnitude in the following way: The maximum pulse duration of 9.1 
uS (or, in fact, a continuous ion beam) is used when the intensity of the mass 100 peak is low enough to fall within the 
dynamic range of the detection system, which is operating at the maximum gain consistent with the rjiaximum available 

so dynam ; range capability. When the intensity of the mass 100 peak is greater than can be accommodated within the 
dynamic range of the detection system, the pulse duration is reduced accordingly to less than 9.1 uS, thereby reducing 
the number of ions in each pulse by a known factor, ensuring that the measured signal intensities remains within the 
signal c/namic range limits of the detection system. Because the pulse duration, hence, signal intensity, are attenuated 
by an accurately known factor, the corresponding measured signal intensities are scaled to be consistent with un-atten- 

55 uated measurements. As discussed above, the ionization pulse duration can be reduced to at least 50-100 nS, thereby 
allowing an improvement in the signal dynamic range by about 2 orders of magnitude or more over a system using a 
detector alone. 

[0022] If a pulse generator capable of generating precisely timed signals is not available, an alternate method is to 
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generate a pulse train at a specific frequency and duty cycle and to vary the number of pulses applied to the gate elec 
trode 

[0023] Enhanced selectivity of the mass range directed to the time-of-flight detector is also realized by controlling the 
amount of time delay between the electron beam pulse and the acceleration pulse of the time-of-flight accelerator 
Some time delay between the electron ionization pulse and the time-of-flight acceleration pulse is necessary because 
the ions require a certain amount of time to travel from the point at which they were created in the ion source through 
the ion transfer region, and to the time-of-flight acceleration region. This time delay depends on the mass of the ion, the 
distance between the point of ionization and the time-of-flight acceleration region, and the electrostatic fields that the 
ion experiences in the ion transfer region. Considering that all ions will ultimately acquire a kinetic energy equal to the 
difference between the nominal potential of the ion source and that of the time-of-flight acceleration region (represented 
by E (on in Eq. (2)), an effective transfer region length, 1*^^ is defined as 

L transfer = V .on( M ) * T transfer( M )- (5) 

where V jon (M) is the velocity of an ion of mass M as it enters the time-of-flight acceleration region, given by Eq (2), and 
Transfer^) is tne actual time it takes an ion of mass M to traverse the transfer region between the point of ion creation 
and the entrance to the time-of-flight acceleration region 1^^, is the length over which an ion of mass M travels in 
time T transter rf it maintains a constant velocity equal to in a field free region. Assuming that all ions experience the 
same electrostatic fields in the transfer region, the effective path length 1^^^ is the same for ions of all masses. It is 
apparent from Eq. (5) that ions of different masses take different amounts of time to traverse the transfer region - lighter 
masses will travel with greater velocities and arrive at the acceleration region earlier than heavier masses. Such sepa- 
ration of the ion packets continues similarly within the acceleration region as well. Consequently, at any point in time 
after the ionization pulse, the ion packets for the various mass ions are dispersed in space, and the degree of such 
mass dispersion increases with time. If, at some well-defined time after the ionization pulse occurs, the time-of-flight 
acceleration field is turned on, then those ions which are located within the acceleration region are injected into the 
flight tube 185 and eventually are detected by detector 190. The timing of the activation of the acceleration field is cho- 
sen so as to exclude those ions with a high enough velocity (small enough mass) that they have completely traversed 
the acceleration field before it is activated. Similarly, ions are also prevented from entering the flight tube with velocities 
low enough (large enough masses) that they have not reached the acceleration region entrance before the acceleration 
field is activated. By proper selection of the time delay between the activation of the ionizing electron beam pulse and 
the activation of the time-of-flight acceleration field, the mass range of ions accelerated toward the detector is precisely 
selected. In this manner, ions that are of no interest, and which are potentially detrimental to the analysis, are elimi- 
nated. This capability is particularly useful in the relatively common situation in which intense peaks occur in a segment 
of the mass spectrum that does not also include mass peaks that originate from the analyte masses of interest. 
[0024] As an example, a certain analytical application requires a mass spectrum to be acquired for a particular sample 
gas eluting from a gas chromatograph, where the important mass peaks occur over a mass range of 35 amu to 300 
amu. Helium is used as the carrier gas in the GC, in which case a relatively large mass peak occurs at mass 4 amu 
corresponding to the helium ion. Because the helium gas concentration is typically orders of magnitude larger than any 
analyte gas of interest, the helium ion intensity is so great so as to distort at least a substantial portion of the mass spec- 
trum, rf not the entire spectrum. Reasons for this distortion may be: substantial electronic ringing in the detection system 
after such a large signal, saturation and subsequent dead-time effects in the detector and/or detection electronics, as 
well as possible 'space charge' coulombic field effects originating from the high charge density associated with the 
helium ions, which may adversely affect the trajectories of other ions in the analyzer. Suppose further that an electron 
ionization pulse duration of 1 uS is used, that the ion beam energy is 1 0 eV in the time-of-flight acceleration region, that 
the effective distance between the ion source and the acceleration entrance is 2 cm, and that the length of the acceidr- 
ation region is 5 cm. In order to eliminate the helium mass 4 amu ions, the trailing edge of the ion packet associated 
with this ion must just exit the acceleration region before the acceleration pulse occurs to direct the slower, higher mass 
ions into the mass analyzer. The time delay between the rising edge of the ionization pulse from the signal generator 
120 and the rising edge of the acceleration pulse from the signal generator 122, then, corresponds to the time required 
for the trailing edge of the mass 4 amu ion packet to travel through the transfer region a distance of £cm, through the 
acceleration region a distance of 5 cm, for a total flight distance of 7 cm, in addition to the time of duration of the ioni- 
zation pulse of 1 uS. The time required to travel 7 cm for a mass 4 amu ion at an energy of 10 eV is determined from 
Eqs.(2) and (5) to be 3.185 uS. The total time delay, then, is 3.185 uS + 1.0 uS * 4 185 uS, in order for the mass 4 amu 
be completely eliminated from the measurement. 

[0025] With the parameters of the above example, a limited range of masses are accepted by the time-of-flight mass 
analyzer. The lowest mass ion theoretically accepted with no attenuation corresponds to the ion mass packet for which 
the leading edge of the packet just reaches the exit of the accelerator when the acceleration pulse occurs. These ions 
travel the 7 cm distance from the ion source to the accelerator exit within the 4.185 uS delay time, which determines the 
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required velocity to be (7 cm / 4. 185 uS). The mass of the ions with this velocity and 10 eV of energy is deduced from 
Eq. (2) to be about 6.9 amu. Similarly, the highest mass ion accepted with no attenuation corresponds to the ion mass 
packet for which the trailing edge just traverses the entrance to the acceleration region when the acceleration pulse is 
applied. This means that the trailing edge of these ions travel the 2 cm distance of the transfer region in 3.185 uS (i.e., 

5 the total delay time of 4. 1 85 uS minus the ionization duration of 1 uS corresponding to the trailing edge of the ion pack- 
ets) The velocity of these ions, then, is 2cm/3.185 uS. The mass of ions with this velocity and an energy of 10 eV is, 
again, deduced from Eq. (2) to be about 49 amu. Therefore, with the minimum time delay of 3.73 uS required to elimi- 
nate mass 4 amu ions from the analysis, the mass range accepted by the time-of-flight accelerator is 6.9 amu to 49 
amu. Such a mass range obviously does not meet the analysis requirement to measure masses over a range of 35 to 

w 300 amu. In order to accept mass 300 amu ion packets as the largest mass, the time delay less the ionization duration 
must be no shorter than the time it takes the trailing edge of the mass 300 amu ion packet to just pass the entrance to 
the acceleration region. For a 300 amu ion at an energy of 10 eV to travel a distance of 2 cm requires a time of 7.88 uS. 
according to Eq. (2). With an ionization pulse of 1 uS, this corresponds to a minimum delay time of 8.88 uS. For this 
delay time, then, the lightest mass that is fully accepted corresponds to an ion mass with a velocity of (7 cm / 8.88 uS) 

j5 at an energy of 1 0 eV, which corresponds to an ion mass of 31 .1 amu. With these parameters, then, the entire analytical 
mass range of interest is measured, while the detrimental intense ions at lower masses is eliminated. 
[0026] Various accelerator configurations may be used in the present invention. Figure 2 depicts an embodiment of 
the invention utilizing an orthogonal accelerator, while Figure 3 depicts a mass analyzer in combination with an embod- 
iment of the invention using a linear accelerator. 

20 [0027] In summary, the invention disclosed herein provides a novel means and method for extending the dynamic 
range in the time-of-flight mass analyzer. Advantages of this invention relative to alternative methods include: 1) the rel- 
ative amount of gain change is known precisely a priori so as to allow quantitative interpretation of signal levels with 
negligible additional effort; 2) the gain is adjustable with a time resolution compatible with last' chromatographic 
response times; and 3) the gain adjustment is realized with minimal additional expense and complexity. In addition, this 

25 invention allows a well defined segment of the spectrum of ion masses emanating from the ion source to be selected 
for analysis, with the additional advantage that: 4) segments of the mass spectrum that contain relatively intense ions 
can be removed from the ion flux in the mass spectrometer, thereby eliminating any possible disturbing effects due to 
them. 

30 Claims 

1. In a mass spectrometer, an ion source in combination with an accelerator comprising: 
an electron source for generating a flow of electrons; 

35 

a gate electrode constructed so as to block said flow of electrons when a potential is applied; 

a sample introduction means for transporting carrier gas containing analytes; 

40 an ionization chamber having at least a first input, a second input and at least one output, said first input bemg 

for receiving said flow of electrons from said gate electrode, and said second input being for receiving said car- 
rier gas from said sample introduction means, wherein said flow of electrons ionizes said carrier gas and said 
ionized carrier gas emits from said at least one output; 

45 a pulsed accelerator; ^ 

an ion transfer region interposed between said at least one output of said ionization chamber and said accel- 
erator so that said ionized carrier gas travels from said ionization chamber output through said field free region 
and into said accelerator; 

50 " r 

means for controlling said gate electrode and said pulsed accelerator in a timed relationship so as to control 
the amount of earner gas being ionized and traveling into said accelerator between accelerator pulses so as to 
improve the dynamic range of said mass spectrometer and to selectively accelerate a particular mass range. 

55 2. The apparatus of claim 1 wherein the means for controlling said gate electrode and said pulsed accelerator is a plu- 
rality of synchronized signal generators. 

3. The apparatus of claim 2 wherein said signal generator is a pulse generator. 
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4. A mass spectrometer having an ion source and an ion mass analyzer in combination with the apparatus of claim 1 

5. The apparatus of claim 4 wherein said mass spectrometer is controlled by program means residing in d digital com- 
puter 

6. The apparatus ol claim 1 wherein said pulsed accelerator is a linear accelerator. 

7. The apparatus of claim 1 wherein sakj pulsed accelerator is an orthogonal accelerator. 

8. In a mass spectrometer, a method for improving the dynamic range and precisely selecting a mass range for anal- 
ysis comprising: 

generating a flow of electrons; 

modulating said flow of electrons in response to an applied potential; 

obtaining a sample carrier gas containing analytes; 

ionizing said carrier gas with said modulated flow of electrons; 

allowing said ionized carrier gas to travel through an ion transfer region and into a pulsed accelerator, 

controlling said modulation and said pulsed accelerator in a timed relationship so as to control the amount of 
carrier gas being ionized and traveling into said accelerator between accelerator pulses so as to improve the 
dynamic range of said mass spectrometer and to selectively accelerate a particular mass range. 

9. The method of claim 8 further comprising utilizing said method in a mass spectrometer having an ion source and 
an ion mass analyzer, 

10. The method of claim 9 further comprising utilizing program means residing in a digital computer to control said 
mass spectrometer. 

1 1 . The apparatus of claim 8 wherein said acceleration of a particular mass range is linear. 

12. The apparatus of claim 8 wherein said acceleration of a particular mass range is orthogonal. 



8 



EP 0 905 743 A1 




9 



EP 0 905 743 A1 




EP 0 905 743 A1 




185 



FIG.3 
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